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Abstract
Two-phase anaerobic digestion (AD) of municipal wastewater separates the
hydrolytic-acidogenic phase from the methanogenic phase, resulting in
optimization of the respective microbial communities, increased stability, shorter
residence times, and increased methane production rates compared to
conventional single-phase treatment. Anaerobic co-digestion of fats, oils, and
grease (FOG) with municipal wastewater also offers the potential for increased
methane production rates; however, FOG can lead to system upsets and overall
digester failure if not managed properly. Anaerobic co-digestion in a two-phase
system could offer the potential of alleviating many of these upsets, including more
efficient conversion of long chain fatty acids (LCFAs) and volatile fatty acids (VFAs)
to acetate. This study employed six lab-scale semi-continuously fed reactors to
further understand the growth dynamics involved in the two-phase and codigestion processes by monitoring intermediates and products in the AD pathway
and microbial community changes throughout the life of the reactors. Three
reactors were operated without FOG: one as a single-phase reactor and the others
as a two-phase system. Changes in solids residence time (SRT) were
implemented in these reactors to study differences in performance under high and
low organic loading rates (OLR). The final three reactors were operated using a
10% FOG loading rate by volume: one as a single-phase co-digesting reactor and
the others as a two-phase co-digesting system. The two-phase system without
FOG achieved 56.3+/-4.0% CODR at the lowest SRT, while the single-phase
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reactor achieved 43.6+/-10.0% CODR, indicating similar conversion independent
of phased systems. Similar results were also evident with volatile solids (VS)
destruction as 53.8+/-6.2% in the single-phase system and 64.4+/-10.4% in the
two-phase system at the lowest SRT. Microbial communities remained consistent
in the single and two-phase system without FOG, with high abundances of
Dechloromonas, Methansaeta, and Methanobrevibacter during periods of high
methane production, strongly indicating these organisms play important roles in
conversion of influent organics to methane in a stable digester community. In the
co-digesting reactors, buffering of feed for the single-phase reactor stimulated the
growth of methanogenic bacteria and the subsequent balance with the acidogenic
communities during startup but was not required once a stable community was
established. This system maintained stable methane production, VS destruction,
and carbonaceous oxygen demand reduction (CODR). Propionate, palmitic, and
stearic acid conversion lagged during startup, but eventually degraded after
Clostridium and Syntrophomonas genera became dominant members of the
community, strongly indicating they play a key role in LCFA and VFA conversion.
Methanesarcina was the dominant methanogenic genus in the single-phase codigester, suggesting its importance for conversion when FOG is present. The twophase co-digesting system never achieved stable methane production, VS
destruction, or CODR. Palmitic and stearic acid did not degrade in the acidogenic
phase and accumulated in the methanogenic reactor, stabilizing at a concentration
of 5 mM, leading to a lag in methane production.
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1.0 Introduction
1.1 Overview of Anaerobic Digestion
In any water resource recovery facility (WRRF), municipal sludge production and
treatment are fundamental to the performance of the entire plant. The overall goal
of solids or sludge treatment is meet 503 regulations, which dictate the level of
treatment needed for production of class A or class B solids.1 Vector reduction of
38% destruction of volatile solids (VS) is required for all solids. Class A or B solids
require more precise residence times and temperatures of treatment and high
reductions of pathogen levels.1 Different digestion techniques are employed to
deliver high quality effluent and solids according to these requirements, including
anaerobic digestion (AD). Using biological degradation, AD reduces the solids
content and the pathogenic and vector attraction potential, but unlike other
digestion techniques, it can also recover a renewable source of energy in the form
of methane and has lower energy requirements.

There are five crucial biological processes involved in AD; hydrolysis, fermentation,
acidogenesis, acetogenesis, and methanogenesis.2,3
(1) Hydrolysis is the first reaction that takes place in AD and is often the ratelimiting step. During hydrolysis, the influent sludge, usually comprised of large
organic molecules, is solubilized into simpler derivatives: lipids, proteins, and
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carbohydrates, via physiochemical dissolution and microbial enzymatic
reactions.2,3
(2) Fermentation is then performed by chemoorganotrophic microorganisms which
utilize the products of hydrolysis as electron donors and acceptors to generate
energy, amino acids, long chain fatty acids (LCFA), and simple sugars.2,3
(3) Acidogenesis is the next step in AD. Products of hydrolysis are further broken
down into shorter chain fatty acids, while also generating H2, CO2, and H2S.1,2
(4) The molecules produced during acidogenesis are still too large and complex to
be utilized by methanogens to generate the final product of methane; therefore,
they must undergo further degradation through acetogenesis. Acetogenesis is
the process by which acetate and H2 is generated from carbon and energy
sources present in the products of the first two biochemical reactions
(fermentation and acidogenesis) and influent sludge flow.2,4
(5) In the final stage of AD, methanogens can convert acetate to methane, using
by-products formed during acetogenesis. Methanogenesis in AD follows two
general biochemical reactions, hydrogen-oxidizing or aceto-clastic, shown
below to produce the two main products of AD, methane, and carbon dioxide.4
(a) 𝐶𝑂! + 4𝐻! → 𝐶𝐻" + 2𝐻! 𝑂

(b) 𝐶𝐻# 𝐶𝑂𝑂𝐻 → 𝐶𝐻" + 𝐶𝑂!
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The success of single-stage AD can be compromised by changes in influent
wastewater/sludge and changes in microbial growth dynamics. In contrast, twophase AD has the potential to alleviate certain system issues, including sour
digestion and inconsistencies of effluent quality during influent flow variation. The
focus of two-phase AD in this research thesis is on linking the microbial community
and kinetic relationships that develop in a two-stage system with the separation of
acid- and methane-generating phases through control of conditions such as
temperature, pH, and changes in feed.

Discussion of Microbiology and Kinetic Differences between Phases
The method of separating acid and methane generation phase through
manipulation of SRT, optimizing differences in growth rates of microorganisms
responsible for acid and methane generation, was developed through research
into kinetic controls of anerobic digestion and phase separation conducted by
Pohland and Ghosh.6,7 In this section, the kinetics of the individual phases,
acidogenic and methanogenic, will be discussed.

First, multiple studies have been conducted on the growth rate dynamics in an
acidogenic phase during two-phase treatment using a variety of substrates. Ghosh
found that glucose acidification maximum specific growth rate three orders of
magnitude larger than municipal sludge, indicating that hydrolysis is a rate-
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controlling step.9 Further research conducted by Eastman and Ferguson,
confirmed hydrolysis as a rate limiting step in conversion of primary sludge (PS) to
fermentation productions like lipids, proteins, and carbohydrates. 10 In this research
the kinetics were determined by the hydrolysis rate rather than bacterial growth
rate kinetics.10 At 35°C and a pH of 5.15, 0.125h-1 was the computed growth rate.10
Also in these systems, the presence of hydro-reducing methanogens plays a
significant role in conversion of longer chain volatile fatty acids to acetate. Kisaalita
et al. found that the presence of these organisms reduced the partial pressure of
H2 in the acidogenic reactor, leading to greater conversion of lactate and butyrate
to acetate.11 Hydrogen-reducing methanogens do have a faster growth rate in
comparison to acetocalstic methanogens and can grow even at the low SRT
maintained in the acidogenic reactor.12

The methanogenic reactor is separated by implementing a longer SRT in the
second phase to accommodate the lower growth rate of methanogenic bacteria.
Maspolim et al. showed for an anaerobic digester that the maximum specific
growth rate of acidogenic bacteria was 5.1 d-1, while the maximum specific growth
rate of methanogenic bacteria was found to be 0.6 d-1.13 Zhang and Noike
compared two-phase and single-phase anaerobic digesting methanogen
populations, finding that acetate-clastic methanogens were 2 to 10 times greater
in abundance in the two-phase system due to higher concentrations being fed from
the acidogenic phase.13 Methanococcus, Methanobacteriam, Methanosarcina,
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and Methanobrevibacter are among the most dominant genera found in twophase, methanogenic reactors.5

Sour Digestion
During the biological processes outlined in Section 1.1, VFAs may accumulate
when single-phase digesters are operated at high organic loading rates (OLR) as
acidogenic bacteria have significantly higher growth rates than methanogenic
bacteria. This growth rate imbalance can lead to higher concentrations of VFA
which accumulate faster than they are utilized, stalling digestion, and lowering the
overall pH in the system to further inhibitory levels. This system failure is known as
“sour digestion.” Two-phase AD systems can mitigate the potential for souring by
promoting the growth of acidogens and methanogens in two separate stages
through the control of SRT. The first stage is in a smaller digester operated at a
lower SRT, optimizing the growth of acidogenic microorganisms, and washing out
methanogens. In this phase, VFAs, specifically acetic acid, are produced from the
influent organics in high concentrations. H2 partial pressures are maintained,
allowing for the conversion to acetate, due to the presence of hydron-consuming
methanogens as discussed previously. The acetic acid rich effluent is then pumped
to a larger digester which is operated at a higher SRT to allow for the slower growth
of methanogenic bacteria. This study, relating the growth dynamics of
microorganisms in single-stage and two-phase AD systems, demonstrates that
two-phase AD helps reduce the potential of sour digestion by not allowing for the
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accumulation of hydrogen which leads organic acid concentrations to increase,
causing alkalinity consumption and a drop in pH. 13

Flow Variations
Maspolim et al. 13 compared the performance of single-stage and two-phase AD
as well as the microbial community dynamics. Three lab-scale digesters were
operated for 402 days at three different SRTs and three different OLR rates to
compare how the two systems performed, specifically at low residence time and
high OLR. To compare operation, volatile solids (VS), chemical oxygen demand
(COD), and methane production were tracked through the 402 days.

Data relating to VS and COD destruction and methane production revealed varying
efficiencies between the single-stage AD and two-phase AD. At an SRT of 12 days,
mean COD and VS destruction in the single stage system ranged between 26.330.8%, and mean methane production was 15.6 L/d.13 In the two-phase system at
an SRT of 12 days, mean COD and VS destruction ranged from 31.6-35.5%, and
mean methane production was 20.6 L/d.13 The two-phase system operated at a
25% increase in methane production at the same SRT. Also, higher OLRs led to
higher methane production rates at all tested SRTs. However, in the single-phase
system, methane production could not be maintained at high OLRs. These results
indicate that at higher OLRs and shorter SRTs, the two-phase system can operate
with higher rates of volatile solids reduction (VSR) and chemical oxygen demand
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reduction (CODR) and higher rates of methane production. In contrast, in the
single-stage system, higher OLRs led to higher growth of acidogenic
microorganisms and greater accumulation of VFAs. The subsequent drop in pH
inhibited growth of methanogenic bacteria with a subsequent decrease in methane
production.13

Denaturing gradient gel electrophoresis (DGGE) and phylogenic identification
were also performed to study the diversity and community dynamics in the single
phase and two stage AD system.13 At a total system SRT of 12 days,
Flavobacteriales (B2, B4, and B6) and Clostridales (B13) are only found in the twophase AD reactors. Flavobacteriales is responsible for hydrolysis in AD, and
Clostridales is responsible for acidogenesis in AD. The identification of these
microorganisms in the two-phase AD system could explain the enhanced sludge
digester performance compared to the single-phase system at lower SRTs.13

High OLRs and short SRTs are indicative of a “stressed” system which could occur
with variations in influent wastewater volume throughout the day. It is vital for
digesters to be able to operate consistently in delivering high quality effluent even
with changes in the influent wastewater. This study suggests that two-phase AD
may offer higher quality effluent solids when compared to single-stage AD if the
WRRF experiences large flow variations. 13
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System Control in Two Phase Anaerobic Digestion: pH and Temperature
Hydrolysis, fermentation, acidogenesis, acetogenesis, and methanogenesis in
single- and two-phase AD are carried out by different microbial communities that
flourish under varying environmental conditions. Due to the advantages of twophase AD discussed previously, research regarding optimization of the process
through the control of conditions such as temperature and pH has been studied.

Decreases in pH within anaerobic digesters can lead to inhibitions of certain
microbial processes. Wang et al. 14 studied the effects of pH on hydrolysis and
acidogenesis in two phase AD through the adjustment of pH in the acidogenic
phase. Both batch and semicontinuous lab-scale digesters were studied at five
different conditions: no pH adjustment and adjustment to a pH of 5, 9, 7, and 11.14
At a pH of 7, 86% of the total organic carbon (TOC) and 82% of the COD were
solubilized into VFAs.14 A pH of 7 also resulted in the maximum VFA concentration
of 36 g/L, which resulted in the greatest total solids (TS) conversion rate of 16 g/Ld and the highest recovery of methane at 520 mL CH4/g-TS.14 This study indicates
that pH control in the acidogenic phase of two-phase AD could lead to greater
effluent solids quality and energy return, optimizing the overall solids treatment
process.14

In addition to pH, temperature is an important environmental factor, influencing to
the growth dynamics of microorganisms in AD, specifically impacting methane
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recovery. Zhang15 studied the influence of temperature on biogas production
efficiency and microbial community in a two-phase AD system. This study found
that at temperatures above 25°C, methane content within the biogas was
maintained at greater than 50% of the total volume.15 High methane content was
most likely due to the increase of Cenarchaeum, a methanogenic microorganism
responsible for converting solubilized organics like acetate into methane, at higher
temperatures. This study emphasizes the potential of using temperature to
optimize methane production and thus energy recovery within two phase AD
systems.

1.3 Co-digestion of Fats, Oils, and Grease (FOG)
FOG (fats, oils, and grease) is a lipid rich waste generated primarily from cooking
and food processing. The direct disposal of FOG into the municipal wastewater
stream is outlawed by most utilities within the United States due to the potential
formation of hardened deposits of fat in sewer lines through both chemical and
physical aggregation.16 Special considerations in treatment must be applied to
waste

streams

containing

FOG.

Anaerobic

co-digestion,

meaning

the

simultaneous digestion of municipal waste and FOG, offers not only effective
treatment of high fat waste but also can provide an increase in biogas production
when managed properly.16 However, many operational concerns are associated
with co-digestion, including detrimental effects of high LCFA concentrations on
methanogenic bacteria.16
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Increased Biogas Production
FOG contains high concentrations of LCFAs which degrade to shorter chain VFA
and eventually to acetate and H2 through acidogenesis and acetogenesis. Acetate
is then degraded by methanogenic microorganisms, producing methane via
methanogenesis. Lipid rich substrates, like FOG have been shown to produce
larger amounts and faster production of methane.17,18,19 Ohemeng-Ntiamoah et al.
(2017) found that FOG is a more desirable co-substrate for AD with municipal
wastewater when compared to waste activated sludge (WAS) and food waste.17 In
another study, thickened WAS and FOG were co-digested under semi-continuous
anaerobic conditions.20 Four different feed conditions were analyzed: thickened
WAS only, thickened WAS with low addition of FOG, thickened WAS with low
addition of FOG volume and nutrients, and thickened WAS with high addition of
FOG and nutrients. Low FOG volume was classified at 64% of the total OLR of the
feed. High FOG volume was classified at 75% of the total OLR.20

The daily methane yield at steady state for the reactors operating at low FOG
volume with and without nutrient addition was 137% higher than only thickened
WAS alone.20 Thickened WAS alone did produce higher volumes of methane when
compared to the reactor digesting high volumes of FOG with nutrient addition.20
No advantages were observed in the reactors with the addition of micronutrients.20
This study indicates that co-digestion can offer benefits for methane production in
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AD, but high volumes of FOG can ultimately lead to reactor failure.20 Other studies
have corroborated this finding, showing that co-digestion of 10-30% FOG by
volume with municipal biosolids can lead to a 30-80% increase in biogas
production in pilot plant studies.16 Thus, the addition of low volumes of FOG to PS
and WAS offers potential economic incentives for municipalities, as excess biogas
can be used to generate electricity, thermal, and mechanical energy for other unit
processes within the plant.21

Limitations of Co-Digestion
Anaerobic co-digestion offers the potential for higher methane recovery, but there
are certain limitations of this treatment. LCFAs at the concentration present within
FOG can have detrimental effects on the growth of methanogenic bacteria,
reducing the efficiency of biogas production.22 The exact nature of the toxic effect
of LCFAs on methanogens is currently unknown, but research suggests that
inhibition could be due to a “surfactant effect” of the LCFA on the cell membrane.23
LCFAs, when surrounding the cell, lower the surface tension of the bacterial cell
wall or membrane and allow protons to move across the membrane in both
directions.23 This free movement of protons leads to the inhibition of adenosine
triphosphate (ATP) synthesis, ultimately reducing overall growth.23 Lower growth
of methanogens leads to lower methane yields. In addition to the surfactant effect,
LCFA accumulation leads to a drop in pH, and the optimum pH for AD is 6.8-7.2.
Changes in pH could also inhibit the growth of methanogenic bacteria. Wan et al.
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(2011) showed that a reactor with the highest FOG by volume tested (75% of total
OLR) produced the lowest volume of methane, highest accumulation of VFAs, and
lowest pH. These conditions eventually led to reactor failure.20 This reactor also
had the highest accumulation of VFAs and the lowest pH. High LCFA
concentrations prohibit the regulation of energy flow in microorganisms due to the
surfactant effect, leading to the drop in pH to 5.5. Both conditions could have
contributed to the inhibition of methanogenic archaea and subsequent reduction in
the biogas production. Amha et al.22 showed that a 30% FOG loading rate with the
other 70% being a mixture of PS and WAS, resulted in a 26% increase in methane
production. In this study, there was a significant lag time of the co-digesting
reactors, due to adaptation of more complex microbial communities.22

To optimize to the benefits of co-digestion while also maintaining the appropriate
conditions in the anaerobic digesters, appropriate loading rates of FOG must be
applied. Additional studies have found that 10-30% FOG in the total feed volume,
has led to increases in biogas production, but greater percent volumes have led to
decreases in the overall system efficiency.16,20,21,25

Microbial Communities
In the study previously mentioned by Amha et al., there was a significant lag time
of the co-digesting reactors, due to adaptation of microbial communities specific to
FOG stabilization.24 Other studies have focused on such microbial community
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adaptations and how they influence LCFA conversion during anaerobic codigestion of FOG.26 Ziels et al. monitored LCFA-degrading microorganisms using
quantitative polymerase chain reactions (qPCR) on samples from the co-digesting
reactor.26 These results were compared to a control reactor fed only PS and
WAS.26 Syntrophomonas, a bacterium responsible for beta-oxidation of saturated
fatty acids (butyrate-octanoate) to acetate and propionate using H2 as the electron
acceptor, increased to approximately 15% of the community in the co-digesting
reactor while remaining at 3% in the control reactor.26 Syntrophomonas are
considered slow growers; therefore, co-digesting reactors will often have a lag
phase in methane generation as conversion to acetate is the rate limiting step. The
microbial community in the co-digester was also comprised of 80% methanogens,
dominated by Methanosaeta and Methanospirillum.26 This study found that high
syntrophic biomass levels are a cornerstone of efficient co-digestion particularly at
high FOG loading rates. This balance helps to maintain the appropriate levels of
H2 as greater partial pressures can lead to an accumulation of LCFAs, stalling
digestion and reducing overall methane production.26 Currently, there is a lack of
detailed research into the interplay of the different microbial communities involved
in anaerobic co-digestion. Understanding how and under what conditions these
populations flourish, is vital to optimizing the process and overall methane
recovery. The focus of this thesis will be on characterizing the synergistic
relationships between the responsible microbial communities.
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Deaver et al. showed using lab-scale batch AD assays fed with municipal
wastewater sludge and FOG that palmitic acid accumulation led to methane
production inhibition.27 The results strongly suggested that palmitic acid conversion
limited FOG co-digestion and stalled the batch reactors in the acidogenesis step.
Sequence data suggested that syntrophic acetate oxidizing bacteria (SAOB) and
the hydrogenotrophic methanogen, Methanoculleus, were essential to a well
operating co-digester with consistent methane production.27 Deaver et al. also
found that Syntrophomonas, an LCFA oxidizing bacterium, to be a key member of
a co-digesting community, specifically for palmitic acid conversion.28

1.4 Potential at the F. Wayne Hill Water Resource Center
The Fort Wayne Hill Water Resource Center (FWHWRC) is exploring the use of
two-phase anaerobic co-digestion at their plant in Gwinnet County, Georgia. The
current plant has five mesophilic anaerobic digesters which stabilize the municipal
biosolids generated through activated sludge and primary clarification. FWHWRC
receives FOG from multiple different industries that is co-digested with PS and
WAS. Currently, they are only feeding FOG at a 10-15% loading rate by volume
but increasing their capacity to treat FOG is desired as supply and need is high
from surrounding industries. These digesters are operated at a SRT of 20 days
and an OLR of 6.0 kg COD/m3-day. Population growth within the municipality’s
constituency has also led to a need for increased solids handling capacity and
subsequent stresses on their solid’s treatment processes. One potential course of
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action includes a transition to two-phase AD. As mentioned previously, two phase
AD offers many benefits including alleviation of system issues caused by changes
in influent wastewater characteristics, high OLR, and flow variations. Each of these
issues are associated with municipalities which serve high population areas and
could become major concerns for the FWHWRC. Currently there is no research
on two-phase AD applications using FOG as a co-substrate. The primary goal of
this project is to assess the feasibility of two-phase anaerobic co-digestion at the
FWHWRC.

1.5 Overview of Research Objectives
Co-digesting with FOG waste offers great potential within the field of wastewater
treatment to not only effectively treat a high fat waste stream that is currently being
landfilled, but to provide an increase in biogas production and thus energy recovery
during AD. Co-digestion in combination with two-phase AD could alleviate many
of the limitations of this process including LCFA accumulation through the
optimization of microbial communities responsible for LCFA breakdown/acetate
generation and methane generation. However, the combination of these two
technologies requires more research, specifically into system operation and
associated microbial communities. Research into both reactor performance and
the interplay between microbial communities during co-digestion and two-phase
AD is vital in the utilization of FOG to produce methane. Key aspects of system
operation include SRT, FOG loading rate, and pH optimization. The purpose of this
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project is to evaluate the feasibility of a two-phase co-digesting AD system using
FWHWRC sludge. The two primary objectives are provided below.
(1) Assess the feasibility of the two-phase co-digestion through the
continued monitoring of reactor performance. This objective is achieved
through the monitoring of biogas production, nutrient analysis
(ammonia, total phosphorous, and ortho-phosphorous), TS and VS
analysis, both soluble (sCOD) and total COD, and both short chain fatty
acid (SCFA) and LCFA analysis. Also, through this feasibility analysis
optimal conditions of operation are explored including SRT, pH
buffering, and the importance of robust digester inoculum.
(2) Identify the differences in microbial communities between co-digesting
and non-co-digesting reactors, between single-phase and two-phase
reactors through 16S ribosomal ribonucleic acid (rRNA) sequencing,
and within the starting inoculum.
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2.0 Materials and Methods
2.1 Reactor Setup
To achieve the listed objectives, six digesters were operated at 35ºC in semicontinuous mode with feed provided by the FWHWRC. The temperature was
maintained by operating the reactors in a temperature-controlled room. The feed
or sludge was a 50:50 mixture of PS and WAS, with FOG used in the co-digesting
reactors. FOG loading is discussed later. Two controls were set up for this
experiment, including a single-phase reactor fed only sludge and a single-phase
co-digesting reactor fed sludge and FOG. The remaining reactors were two-phase
systems, one set of which was fed sludge and the other both sludge and FOG. The
control reactors and methanogenic reactors of the two-phase system had a total
volume of 5 L. The acidogenic reactors of the two-phase system had a 1 L. The
system operation details of the reactors are provided in Table 2.1. Figure 2.1
provides a photograph of the reactors in operation.
Table 2.1. Reactor assignments as single, two-phase, or co-digesting.
Reactors
System
Operation
1
2
3
4
5
Type

Single
Phase

Single
Phase

Two Phase
(acidogenic)

Two Phase
(methanogenic)

Two Phase
(acidogenic)

Two Phase
(methanogenic)

FEED

Sludge1

Sludge
+ FOG

Sludge

Feed from R3

Sludge +
FOG

Feed from R5

5

5

1

5

1

5

Total
Volume (L)
1

6

Sludge is defined as a 50:50 mixture of PS and WAS from FWHWRC.
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Figure 2.1. Image of reactors in operation.

3

4

5

6

1

2

The sludge and FOG for the reactors were collected from Gwinnet County once a
month during the experiment and stored in a -20°C freezer. The samples were kept
in a 10 L plastic storage container and capped with two sets of tubing running
through the cap, one for collecting sludge using syringes and one for releasing any
gas buildup. Feed and FOG samples, measuring 10 L, were sparged with nitrogen
gas for 1 hour to ensure anaerobic (low oxygen) conditions prior to addition to the
reactors. Samples were taken every 8 to 10 days to measure COD and TSVS and
verify that no significant degradation was occurring during storage.

Table 2.2 and Table 2.3 show the characteristics of the influent sludge, 50:50
mixture of PS: WAS, and FOG provided by FWHWRC. Over the life of the reactors,
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8 different samples of PS, WAS, and FOG were used from the anaerobic digesters
sampled from September 2020 to June 2021. The mean values and standard
deviations are provided in the table.
Table 2.2. Average influent sludge (PS: WAS, 50:50) characteristics.
Mean
Standard
Max
Parameter
Unit
Deviation
TS
mg TS/L
23,520
10,779
57,167
VS
mg VS/L
15,110
5,886
30,800
Total COD
mg COD/L
26,867
6,987
38,167
sCOD
mg COD/L
3,818
910
5,227
NH3-N
mg NH3-N/L
104
42
183
3Ortho-P
mg PO4 /L
1,387
285
1,857
3Total-P
mg PO4 /L
1,657
587
2,520
Table 2.3. Average influent FOG characteristics.
Mean
Standard
Parameter
Unit
Deviation
TS
mg TS/L
40,265
23,252
VS
mg VS/L
33,599
23,589
Total COD
mg COD/L
67,101
26,439
sCOD
mg COD/L
11,873
2,986
NH3-N
mg NH3-N/L
121
70
Ortho-P
mg PO43-/L
880
454
3Total-P
mg PO4 /L
321
58

Min
13,900
4,450
13,490
2,522
46
985
736

Max

Min

78,900
74,600
12,3855
18,630
296
1,714
415

11,200
9,400
21,777
8,190
44
317
263

Significant variations in feed characteristics are observed, as evidenced by
relatively high standard deviations and large differences between maximum and
minimum values. Higher variations in FOG influent COD, TS, and VS are most
likely due to the different sources of FOG that come into the plant at different times.
These variations were considered specifically in the interpretation of biogas data,
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which is directly impacted by feed VS and COD concentrations. Due to high
variations, biogas production was normalized based on VS added. Similar studies
have also followed this approach.20,21,27,29 Other influent characteristics of note
include nutrient concentrations. Nitrogen and phosphorous in the feed sludge are
not limiting as total requirements are low due to low yields of biomass; therefore,
nutrient amendments were not required for this project.1

The single-phase controls and the acidogenic reactor of the two-phase system
were set up using anaerobic digester sludge and a 50:50 mixture of PS and WAS
from Gwinnet County. FOG, also from Gwinnet County, was used in the setup of
co-digesting reactors. To start these reactors, 20% by volume of anaerobic
digester sludge and 80% by volume feed were added to 5 L or 1L round media
storage bottles which acted as the reactors (PYREX 1395-5L). The feed for twophase acidogenic and single-phase co-digesting reactor also included 20% FOG
by volume. Table 2.4 provides specific volumes for each reactor, including starting
amounts of digester sludge (inoculum), PS, WAS, and FOG added to reactors 1,
2, 3, and 5.
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Table 2.4. Starting digester sludge, PS, WAS, and FOG for the single-phase
control reactors (1, 2) and the two phase acidogenic reactors (3, 5).
Total
Digester
PS (L)
WAS (L)
FOG (L)
Volume (L) Sludge (L)
1
5
1
2
2
0
2

5

1

1.6

1.6

0.8

3

1

0.2

0.4

0.4

0

5

1

0.2

0.32

0.32

0.16

After the mixtures of sludge had been made in the glass storage bottles, these
reactors were capped using rubber stoppers and corning screw on caps with three
sets of tubing running through the cap. One line extended to the bottom of the
reactor and was used to take samples and remove sludge. The second tube
remained in the headspace and was used to feed new sludge into the reactor. The
final tube also remained in the headspace and was used to collect gas produced.
The gas tube extended to 5 L Tedlar bags for the acidogenic reactors and a 10 L
Tedlar bags for the single-phase reactors where the gas was collected. After the
sludge was added and reactors capped, reactors were sparged using nitrogen gas
for an hour each to ensure anaerobic conditions. The feed and sample tubing were
then clamped closed, to maintain anaerobic conditions.

The methanogenic-phase reactors required feed from the acidogenic phase
reactors to start. Therefore, over the first 14 days of the experiment, effluent from
the acidogenic reactors was collected and stored in 5 L Pyrex bottles until the
desired volume of 4 L was achieved. Anaerobic digester sludge, 20% by volume,
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was also used to start these reactors (1 L). Table 2.5 provides the starting amounts
of digester sludge (inoculum), and feed from the acidogenic reactors. These
reactors were capped and sparged in the same manner described above for the
control reactors. 10 L Tedlar bags were also attached to the gas line for biogas
collection.
Table 2.5. Starting digester sludge and acidogenic feed for the methanogenic
reactors (4, 6).
Feed from Acidogenic
Reactor
Digester Sludge (mL)
Reactors (3 or 5) *
4
200
400
6
200
320
*
Feed from Reactor 3 is used for Reactor 4 and feed from Reactor 5 is used for
Reactor 6.

2.2 Reactor Operation
2.2.1 Single-phase Reactors, Controls
Reactor 1 was operated as a single-phase anaerobic digester with feed composed
of only sludge. Reactor 2 was operated as a single-phase anaerobic co-digester
with feed composed of sludge and FOG. Both single-phase reactors started at an
SRT of 20 days to mimic the current FWHWRC anaerobic digesters. These
operational details are shown in Table 2.6.
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Table 2.6. Key operating parameters of single-phase reactors (1,2).
Reactor Total Volume (L) Total FOG Volume (L) Starting SRT (days)
0
1
5
20
2

5

0.5

20

To maintain a 20-day SRT, sludge was replaced on a semi-continuous basis every
other day for the entire experiment. For reactors 1 and 2, 500 mL of sludge was
removed, and 500 mL of new feed was added. In reactor 2, 20% of this new feed
was FOG (100 mL) while 80% was the mixture of PS and WAS (400 mL). To
maintain anerobic conditions in the feed, a Tedlar bag was filled with nitrogen and
connected to the container with the feed or FOG for the reactors. This bag enabled
the feed or FOG to be withdrawn from the container and injected into the reactors
without oxygen infiltrating the system. 500 mL plastic syringes were used to
change sludge and inject new feed or FOG. Both the SRT and FOG loading rate
changed during the experiment. These changes are discussed in Section 2.1.3.
2.1.2 Two-Phase Reactors
Reactors 3 and 4 were operated as two-phase anaerobic digesters. Reactor 3 was
acidogenic and fed with PS and WAS. Reactor 4 was methanogenic and fed with
effluent from reactor 3. Reactors 5 and 6 were operated as a two-phase anaerobic
co-digester. Reactor 5 was acidogenic and fed with PS, WAS, and FOG. Reactor
6 was methanogenic and fed with effluent from Reactor 5. Both two phase reactor
systems started at an overall SRT of 18 days, 3 days in the acidogenic phase and
15 days in the methanogenic phase. These SRTs were chosen based on industry
averages of two-phase anaerobic treatment between 15-18 days. If the FWHWRC
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was to adopt a two-phase system, an 18-day SRT would be appropriate for their
facility. These key operating parameters are detailed in Table 2.7.
Table 2.7. Key operating parameters of two-phase reactors (3,4,5,6).
Starting SRT
Reactor Total Volume (L) Total FOG Volume (L)
(days)
3
1
0
3
0
4
5
15
5

1

0.1

3

6

5

0.5

15

During the first 14 days of operation, reactors 3 and 5 were operated at a 3-day
SRT. To maintain this SRT, 670 mL of sludge were removed from reactors 3 and
5 every other day and stored for reactors 4 and 6, respectively. Fresh feed was
then added using the 500 mL syringes. Again, nitrogen gas filled TEDLAR bags
were attached to the feed and FOG containers to ensure no oxygen infiltrated the
system during sludge change. The feed for reactor 5 included 20% FOG by volume
(134 mL). After the first 14 days of operation, reactors 4 and 6 were started and
rather than storing effluent from reactors 3 and 5, it was immediately injected into
reactors 4 and 6, respectively.

2.3 Changes in Reactor Operation
2.3.1 Changes in Inoculum
During the first 60 days of the experiment (approximately 3 SRTs), it became
evident that the inoculum used to start the six reactors was sampled when the
large-scale anaerobic digesters at FWHWRC were not operating efficiently. The
inoculum was from a time at the plant when they were operated at a 10-day SRT
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and not producing biogas effectively. This lack of biogas production is indicative of
an unstable microbial community. Once this was realized, new inoculum was
sampled from Gwinnett and the reactors were reinoculated on Day 96 of operation.
Re-inoculation was conducted over a week for all the reactors by displacing 250
mL of the normal feed with the new inoculum. For example, at a 20-day SRT in
reactor 1, 500 mL of sludge was pulled out and then replaced with 250 mL of new
sludge and 250 mL of new inoculum.
2.3.2 Changes in SRT
The SRT was changed multiple times for the reactors without FOG (1, 3, and 4) to
determine the handling capacity. In the single-phase reactor (1), the SRT changed
from 20 days to 15 days at day 180 of operation and again to 12 days on day 222
of operation. The SRT for the two-phase system without FOG changed from a
combined time of 18 days to 12 days. The SRT in the acidogenic reactor (3)
changed from 3 days to 2 days. The SRT in the methanogenic reactor (4) changed
from 15 days to 10 days. These changes in SRT affected the amount of sludge
changed every other day. Table 2.8 shows these changes in sludge amounts for
reactors 1, 3, and 4.
Table 2.8. Changes in SRT for reactors (1,3,4) and the corresponding changes in
sludge volume changes every other day.
New SRT
Volume of Sludge
Reactor
Day of Change
Changed (mL)
15
1
180
670
12
1
222
830
3

130

2

1000

4

130

10

1000
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2.3.3. Buffering of Co-digesting Reactors
During the first 100 days of operation, the pH in the methane producing codigesting reactors was not within the circumneutral range to allow for methanogens
to grow. To meet the appropriate environmental conditions for microbial growth,
the feed going to the co-digesting acidogenic, two-phase (5) and single-phase (2)
reactors was buffered. The pH in the methanogenic, two-phase reactor (6) needed
to rise to circumneutral. However, because acidogenic reactor effluent was fed to
the methanogenic reactor, it was being buffered through the feed going into the
acidogenic reactor. A 2 mM phosphate buffer was used for both feeds. On day
125, the phosphate buffer concentration added to the acidogenic reactor was
increased to 3 mM, as circumneutral range was not being achieved in reactor 6.
On day 177, acidogenic effluent was buffered with a 3 mM phosphate buffer prior
to injection into the methanogenic reactor and buffering of acidogenic feed ceased.
To accomplish this, an empty 1 L glass tube was fitted with identical rubber
stoppers and caps with two lines of tubing running through the cap. One line
extended to the bottom for injection and extraction of sludge. The other line was
used to attach to a nitrogen gas filled Tedlar bag to prohibit infiltration of oxygen
during sludge change. 3 mM phosphate buffer and a stir bar were added to the
empty bottle and then sparged for 30 minutes with nitrogen gas. Sludge extracted
from the acidogenic reactor was then added to the empty bottle containing the
buffer. This mixture was placed on a stir bar to ensure that the phosphate buffer
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dissolved into the sludge. Once dissolved, the sludge was extracted and injected
into reactor 6.

2.3.4 Fog Pretreatment
Through conversations with engineers at FWHWRC, it was determined that when
FOG was added to their anaerobic digesters it had a temperature of approximately
120 ºC. To best match plant conditions, FOG being fed to the reactors was heated
to 120 ºC prior to being injected into reactors 2 and 5. This procedure was started
on day 150.

2.4 Execution of Objective I: Assessment of Reactor Performance
2.4.1 Biogas Production
Biogas production in the Tedlar bags attached to the reactor was measured every
two days and analyzed for both methane content and volume produced. Methane
content was measured using a gas chromatography unit (Shimadzu GC 2014). For
this procedure, 250 µL of gas was collected from a reactor Tedlar bag using a
Hamilton Gastight® GC Syringe and then injected into the GC unit. The samples
were run for 5 minutes at a flow rate of 10 mL/min with ultra-high purity Argon at a
pressure of 415 kPa as the carrier gas. The injector and thermal conductivity
detector were set to 150 ºC, and the column was set to 120 ºC.

To determine the percentage volume of methane, a calibration curve for the GC
was done. The calibration curve was created by running the GC with four known
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methane volumes (0%, 10%, 30%, and 50%) in triplicate. The different methane
volumes were created using a known volume of Airgas 50% methane. These
dilutions were conducted inside the gastight GC syringe. The averages of the
triplicate measurements of each volume were plotted and the slope of the curve
calculated. This slope is the reference factor which was used to associate the
unknown peak areas of the biogas produced from the reactors to a known methane
concentration.

2.4.2 Physical and Chemical Analysis
To evaluate reactor performance, chemical analyses were performed on the
samples and feed in triplicates, including total and sCOD, ammonium-N, total
phosphorous, orthophosphate (reactive phosphorous), TS, VS, and pH. All
samples for physical and chemical analysis were taken from digesters during
normal sludge change operations. Samples were stored at -20ºC until physical or
chemical analyses were ready to be performed. COD concentrations and pH were
measured every 4 days on all reactors. Nutrient analysis, TS, and VS were
measured every 8 days on only the single-phase reactors (reactors 1 and 2) and
the methanogenic reactors of the two-phase systems (reactors 4 and 6). COD and
TS and VS analysis were performed on feed samples every 10 days. Nutrient
analyses were performed on feed samples every 20 days.
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VSR and CODR are the two main metrics used for expressing degradation. Table
2.9 indicates typical VSR reduction for WAS, PS, and FOG in AD.30
Table 2.9. Typical VSR (%) in WAS, PS, and FOG during AD. 30
FEED
VSR (%)
WAS
25-40%
PS
40-60%
FOG
80-95%
For COD, approximately 50-65% should be reduced during AD.30 Through
monitoring of influent and effluent COD and VS concentrations, percent reductions
were calculated, giving an indication of how well AD is performing. TS and VS were
measured using EPA Method 1684.31,32 For COD analysis on both reactor and
feed concentrations, 2x dilutions were performed on reactor samples to make a
final dilution volume of 2 mL. For sCOD, 2 mL of reactor samples were centrifuged
at 10,000 x g for 1 minute. Approximately 1 mL of supernatant was then collected
using a clean BD syringe and 18G needle. The supernatant was then filtered
through a 0.2 µm PVDF filter to ensure only sCOD was present in the sample. No
dilutions were performed on the filtered sample for sCOD quantification. After
samples were prepared, COD Hach kits (TNT 824, ultra-high range) were used to
quantify COD and sCOD concentrations in digester samples.

Nutrients were also monitored. The limiting factor to microbial growth in this
experiment was not nutrient concentrations; therefore, concentrations had to be in
excess. For nutrient analysis on both reactor and feed concentrations, a series of
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dilutions were prepared. For ammonium-N, no dilutions were necessary. For
orthophosphate, 20-50x dilutions were required depending on the reactor, for a
final dilution volume of 10 mL. For total phosphorous, 200x-500x dilutions were
required. Therefore, 10x dilutions were performed on the 20-50x dilutions for a final
dilution volume of 1 mL. After dilutions were prepared, ammonium-N (TNT 833),
total phosphorous (TNT 844), and orthophosphate (TNT 846) Hach kits were used
to quantify concentrations in digester samples.

pH was also monitored in the systems because certain microbes can only grow
within certain ranges. For example, methanogenesis requires a pH between 6.6
and 7.6. In the control reactors and methanogenic reactors (reactors 1, 2, 4, and
6), it was necessary to verify that the pH was within this range to ensure the highest
level of methane production. Due to the high production of acetate and other
SCFAs in the acidogenic reactors (reactors 3 and 5), pH was significantly lower
and outside of this circumneutral range (5.2-5.6). pH monitoring is another way to
verify that the two-phase system is working appropriately. pH was measured in
raw sludge samples using a pH probe on every reactor sample. The probe was recalibrated once a month using set pH samples to ensure accurate readings on
samples.
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2.4.3 Short Chain and Long Chain Fatty Acid Analysis
As described previously, during AD, influent organics are converted to lipids,
carbohydrates, and proteins through hydrolysis. These products are converted into
LCFAs through fermentation. LCFAs are then further degraded into SCFAs
through acidogenesis, and finally, converted into acetate through acetogenesis.
The acetate is converted into the final product, methane via methanogenesis
(Figure 1.1).1,33 SCFA and LCFA analysis helped to determine if adequate
conversion to methane was occurring. If two phase treatment was working
correctly, acetate concentrations and other SCFA concentrations, including
propionate and butyrate, would be high in the acidogenic phase reactors (3 and 5)
and very low in the methanogenic reactors (4 and 6). LCFA concentrations would
be low in all reactors. Quantifying concentrations of LCFAs and SCFAs during AD
gave indications of what biochemical processes were occurring in the reactor and
thus what microbial communities may be dominant.

SCFA and LCFA analyses were performed every 4 days on samples taken during
normal sludge change from all reactors. Samples were stored at -20ºC until
analyses were ready to be performed. The samples were then thawed at room
temperature the day of sample preparation.

For SCFA analysis, 2 mL of reactor sludge in a micro centrifuge tube was
centrifuged at 10,000 x g for 1 minute. Using a clean BD syringe and 18G needle,
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1 mL of supernatant was collected from the centrifuged sample and filtered through
a 0.2-micron polyvinylidene (PVDF) filter. A 10x or 20x dilution was then performed
on the filtrate to make a total volume of 1.5 mL in a high-performance liquid
chromatography (HPLC) vial. 10x dilutions were performed for reactors without
FOG. 20x dilutions were performed for co-digesting reactors. If samples were not
analyzed immediately after preparation, they were stored at -20ºC and then
thawed at room temperature when analysis was ready to be performed.

After the samples were prepared, an HPLC unit fitted with an Aminex® HPX-87H
Ion Exclusion column was used to analyze SCFA concentrations in reactor
samples. The carrier fluid was 5 mM H2SO4 with a flowrate of 0.6 mL/min and a
wavelength on the UV/Vis detector of 210 nm. Reactor samples without FOG
(reactors 1, 3, and 4) were processed in 80-minute runs at a column temperature
of 30 ºC. Reactor samples with FOG (2, 5, and 6) were processed in 120-minute
runs at a column temperature of 30 ºC.

To quantify the concentration of SCFAs within the reactor samples, a calibration
curve was required for each of the potential acids present within the sample,
including formate, acetate, propionate, isobutyrate, butyrate, isovalerate, and
valerate. Known concentrations of each SCFA were prepared in duplicates. The
concentrations used were 0.1, 0.5, 1, 5, 10, and 20 mM. Also, two mixed samples,
with each SCFAs at the same concentrations were prepared in duplicate to identify
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the individual retention times. The HPLC was used to analyze these samples as
described above. The peak areas and retention times were recorded, and the
duplicates averaged. These averages were plotted, and the slope of the line
between the different concentrations provided the reference factor. The now
known retention times were used to identify which peak belonged to which SCFA,
and the reference factor allowed the quantification of concentration from the peak
area.

For LCFA analysis, stored reactor samples were thawed at room temperature and
then 1 mL of sample transferred to a 10 mL falcon tube. LCFAs in the reactor
sample were then extracted and trans-esterified using known methods further
described below.34,35 Before extractions, 100 µL of 10 g/L pentadecanoic acid
dissolved in methanol was added to the sample as the recovery standard. The
recovery standard showed if any degradation of LCFAs occurred during the
extraction and transesterification processes. A percent recovery was calculated
from the final concentration of pentadecanoic acid and then used to calculate the
original concentration of other LCFAs in the sample. During the LCFA extraction
phase of this procedure, 200 µL of 250 g/L sodium chloride in MilliQ water, 10 µL
of 50% sulfuric acid, 1 mL of hexane, and 1 mL of methyl tert-butyl ether (MTBE)
were added to the sample and vortexed to mix. Samples were mixed at 450
rotations per minute (RPM) in a tabletop shaker for 20 minutes. The samples were
centrifuged at 3200 x g for 10 minutes. 1 mL of organic supernatant was extracted
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from the falcon tubes to a glass vial where the samples were dried using N2 gas
and capped immediately. Only dried LCFAs remained at the bottom of the vial.
Next, the samples were trans-esterified by added 2.5 mL of methanol, 250 µL of
hydrochloric acid, and 250 µL of chloroform to the dried samples. The now liquid
samples were vortexed for 10 seconds to ensure adequate mixing and then heated
at 90 ºC for 120 minutes. After samples were removed from heat and cooled to
room temperature, 1 mL of distilled de-ionized (DDI) water was added, and
samples were again vortexed. The final step of the protocol was fatty acid methyl
ester (FAME) extraction in which 1.6 mL of hexane and 400 µL of chloroform were
added to the sample and vortexed for 10 seconds. This process was repeated
three times with a total of 4.8 mL of hexane and 1.2 mL of chloroform added to
maximize FAME extraction. After vortexing for the final time, the solution was
allowed to settle until an organic supernatant formed. 1 mL of this supernatant was
removed and added to a glass vial for analysis. Prior to analysis, 50 µL of 2 mg/mL
pentadecane: hexane was added as the internal standard. The internal standard
was used to determine the concentrations of other LCFAs in solution by calculating
a response factor. These prepared samples were then analyzed using a GC flame
ionization detector (FID) fitted with an Rt-2560 column (Restek). The carrier gas
for this instrument was helium. The injector and detector temperatures remained
at 240 ºC. The column temperature remained at 100 ºC for 5 minutes followed by
an incremental increase of temperature at 3 ºC/min to 240 ºC.
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2.5 Execution of Objective II: Microbial Community Analysis
2.5.1 DNA Extraction
To accomplish deoxyribonucleic acid (DNA) extractions, 2 mL of sample were
collected from each reactor in triplicate on different days during the experiment.
Table 2.10 shows the schedule of DNA samples for each reactor.
Table 2.10. Days reactors were sampled for DNA sequencing.
Reactor
Days Sampled
1
46, 77, 220
2
46, 77, 122, 220
3
46, 77, 128, 220
4
46, 77, 128, 220
5
46, 77, 220
6
46, 77, 220

Samples were stored at -20ºC until processed for DNA extraction. Immediately
preceding extractions samples were thawed on ice to better preserve the DNA and
prevent degradation. Extractions were performed using the DNeasy Power Soil kit
(Qiagen, Valencia, CA, USA) according to the manufacturer’s instructions. DNA
concentrations were quantified using a Qubit high sensitivity DNA assay kit on a
Qubit 3.0. DNA samples were stored at -20 ºC until sent to MR DNA (Shallowater,
TX, US) for sequencing.

2.5.2 Metagenomic Sequencing on Reactor Biomass During Operation
MR DNA sequenced the DNA using the 515F/806R primer pair specific to the V4
variable region of the 16S rRNA gene. This primer was used for both eubacterial
and archaeal gene identification. Polymerase chain reaction (PCR) was run using
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the HotStarTaq Plus Master Mix Kit (Qiagen). Cycling conditions were as follows:
95 ºC for 5 minutes, 30-35 cycles of 95 ºC for 30 seconds, 53 ºC for 40 seconds,
and 72 ºC for 1 minute, and a final elongation step at 72 ºC for 10 minutes.
Following amplification, amplicons were loaded into a 2% agarose gel and
separated via gel electrophoresis. Individual PCR products were then compared
using the size and intensity of the bands. Based on concentration and molecular
weight, multiplexed samples were pooled in equal proportions and then purified
using calibrated Ampure XP beads. A DNA library was created using purified
samples. DNA libraries were sequenced on an Illumina MiSeq following the
manufacturer’s protocols. MR DNA processed sequences by removing sequences
that were less than 150 bp or that contained ambiguous base readings. It should
be noted that short read sequencing is limited in its ability to resolve taxonomy on
fine scales. A maximum expected error threshold equal to 1 was used to quality
filter the sequences prior to removing replicated sequences. Filtered sequences
were denoised and assigned taxonomy from a curated National Center for
Biotechnology

Information

(NCBI)

database

using

BLASTn.

Taxonomic

classification, sequence counts assigned to each zOTU (zero-radius operational
taxonomic unit), and relative percentage of each zOTU was reported by MR
DNA.36
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3.0 Results and Discussion: Single vs. Two Stage Anaerobic
Digestion
3.1 Biogas Production
Biogas was measured every two days and recorded in mL methane produced per
day. The percent methane and then the total volume of methane produced by each
reactor was calculated. Figure 3.1 shows the moving averages of methane
generated per day for the reactors without FOG (1, 3, and 4). Figure 3.2A shows
the moving averages of methane generated, normalized to VS being fed in units
of L/g VS. Figure 3.2B shows moving averages of methane content (%) in biogas.
Moving averages were calculated over 4 days to encompass two rounds of sludge
change as methane production varied between days when feed was injected and
when it was not. Figure 3.1 indicates the days in which system changes, feed
changes, and SRT changes occurred in the given reactors.
Figure 3.3 shows important average methane production rates (mL/d) for both
single- and two-phase reactors (1, 3, and 4) at key changes in system operation.
Key changes included the inoculum and SRT. Averages were calculated after
pseudo steady state was achieved, which occurred at approximately 3 SRTs or 60
days.
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In addition to re-inoculation, changes in methane production were also noted with
changes of SRT in the single-phase and two-phase systems (Figure 3.3). At an
SRT of 20 days in the single-phase reactor (1) and an SRT of 18 days in the twophase reactors (3 and 4), both systems performed similarly in terms of methane
production. Also, a 12-day SRT, the systems had no significant difference in
methane production. This lack of sizable variation between single-phase and twophase AD at high and low OLR could reveal that the two-phase system provides
no added benefits in terms of increasing the reactors overall methane production.
Analysis of other data will provide further insight into potential differences in
phased systems.

3.2 COD and sCOD
Total COD and sCOD were measured every 4 days for the single-phase reactor
(1), and methanogenic reactor (4). Total COD and sCOD were measured every 8
days for the acidogenic reactors. (3). Figure 3.4A and 3.4B show total COD and
sCOD for the reactors without FOG.
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After pseudo-steady state was reached at day 60, percent CODR was calculated
based on average effluent and feed concentrations. Averages based on changes
in SRT were calculated one SRT after implementation. Figure 3.5 shows percent
reductions of COD relative to each system change: before inoculum change,
20/18-day SRT, and 12-day SRT.
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Before new inoculum was introduced, the single-phase reactor was operating at a
55+/-12% reduction in COD and a 66+/-11% reduction in sCOD. With the new
inoculum, there was no significant different in CODR, but there was in sCODR.
Re-inoculation achieved greater levels of sCODR, as the microbial community was
sampled from a well performing digester operating at the desired SRT from
FWHWRC. At an SRT of 20 days, there was an 80+/-3% reduction in sCOD on
average. At an SRT of 12 days there was an 86+/-2% reduction in sCOD on
average.

In the two-phase system, higher COD and sCOD concentrations were expected in
the acidogenic reactor due to the production of acetate and other VFAs. As one of
the goals of AD is to reduce the COD loading in the solids, COD in the
methanogenic reactor was of the most interest. However, COD in the acidogenic
reactor could give insight into its operation. This reactor had significantly higher
concentrations of sCOD, indicating solubilization of influent organics via
fermentation, acidogenesis, and acetogenesis. This accumulation is ideal for an
acidogenic reactor as it is accomplishing the first biological reactions in the
anaerobic pathway.

As seen in Figure 3.5, no significant change in CODR was observed with a change
in inoculum. However, there was a significant change in sCODR. Prior to the
inoculum change the two-phase system was removing 61+/-11% of influent sCOD.
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After, it achieved 80+/-4% sCODR. The acidogenic reactor also performed better
with the inoculum shift with an increase from a COD concentration of 11,300+/-500
mg/L to 28,300+/-8600 mg/L. High concentrations of COD were produced during
the acidogenic phase, strongly indicating that the new inoculum had higher
percentages of organisms responsible for the solubilizing of influent organics
through hydrolysis.

The two-phase system experienced two SRT changes: 18 days and 12 days. At a
system SRT of 18 days, 40+/-11% COD was reduced. At a system SRT of 12 days,
56+/-4% COD was reduced (Figure 3.5). Higher SRTs indicate higher COD
loading rates coming into the system, allowing for higher levels of CODR, if the
system performs conversion efficiently. Even at a low SRT, the two-phase system
was able to achieve adequate levels of COD conversion.

No significant differences in CODR or sCODR were evident between the single
and two-phase systems. One of the cornerstones of two-phase AD is that through
this separation, competition between organisms is eliminated, optimizing both
stages and maximizing overall digestion capability.39 Consequently, two-stage
treatment has lower SRT requirements, 14-18 days, when compared to single
phase, 20 days. 39 However, this concept is not a universally accepted. This lack
of variation between both methane data and COD data between the single and
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two-phase systems possibly indicates a lack of advantage in reactor performance
in terms of CODR or methane production.

3.3 Total and Volatile Solids
Both TS and VS were measured in the single-phase and two-phase, methanogenic
reactor every 8 days. Solids were not measured in acidogenic reactors due to the
larger volume of sludge required for this test. Figure 3.6A and 3.6B depict TS and
VS for reactors without FOG (1,3,4) and in the feed.
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In WRRF, for digestion to be considered effective, approximately 42% VSR is
achieved, and 38% reduction is required based on 503 regulations.1,30 Therefore,
the SRT must be long enough to accomplish this destruction. To determine this
percent reduction, after pseudo-steady state was reached at day 60, averages of
effluent VS were calculated prior to inoculum change and one SRT after each
system change averages were calculated. Figure 3.7A and Figure 3.7B present
average TS and VS percent reductions for SRTs of 20/18 days and 12 days.
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All SRT combinations for single- and two-phase reactors achieved the necessary
VSR of 38%.30

After re-inoculation, only the two-phase system experienced greater VSR. No
significant change in TS reduction were observed in either of the systems or in
VSR in the single-phase system. This increase in the two-phased system is again
due to a more balanced digesting community present in the new inoculum as it
was sampled during a time of high methane production.

In the single-phase reactor, decreasing the SRT did impact the removal efficiency,
as a 12-day SRT resulted in the lowest level of VSR (%). These results were similar
to COD results. The two-phase system maintained high levels of VSR at the lower
SRT of 12 days. Performance between the two phase and single-phase reactors
at the low SRT were different but both well above the 38% VSR requirement,
indicating a well operating digester. The single-phase system-maintained 54+/-6%
VSR, and the two-phased system-maintained 64+/-10% VSR.

3.5 pH
pH was measured every 4 to 8 days in all reactors. The acidogenic reactor (3) had
lower pH’s due to the generation of acetic acid and other SCFAs. The
methanogenic reactor (4) and the single-phase reactor (1) ranged closer to
circumneutral. Figure 3.8 shows pH values for reactors without FOG.
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hydrogen ions in solution, further revealing a balance between H2 generation via
conversion of LCFAs to SCFAs, and consumption via conversion to acetate.2 This
balance is paramount to a well performing digester, delivering consistent levels of
methane. Consistent levels in the acidogenic reactor could indicate the presence
of hydrogen-oxidizing methanogens, helping to maintain low partial pressures and
explaining the small amounts of methane produced.5

3.6 SCFA Analysis
SCFA, including acetate, propionate, butyrate, iso-butyrate, valerate, and
isovalerate, were measured in reactor samples every 4 days. Figure 3.9A, 3.9B,
and 3.9C show concentrations of acetate, propionate, and butyrate (mM),
respectively, in both single- and two-phase reactors.
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As expected, high acetate, propionate, and butyrate concentrations were present
in the acidogenic reactor (3), as its purpose was to generate high concentrations
of acetate through breakdown of influent organics via fermentation, acidogenesis
and acetogenesis and SCFAs, particularly acetate. Prior to inoculum change,
39.9+/-3.43% of total SCFA was acetate based on total acetate equivalence.
During operation at a 20-day SRT, 39.4+/-2.1% of total SCFA was acetate. Finally,
during operation at a 12-day SRT, 39.6+/-1.4% of total SCFA was acetate. From
a thermodynamic perspective, high acetate concentrations reveal low partial
pressure of H2, as high partial pressure in the acidogenic phase would have led to
an accumulation of longer chain fatty acids. This conversion to acetate could
further reveal the presence of hydrogen-oxidizing methanogens in the acidogenic
reactor to maintain low H2 partial pressures. Low SCFA concentrations were
expected to be seen in the single-phase (1) and methanogenic reactor (4) as
conversion of acetate to methane occurs through methanogenesis.

Acetate concentrations (mM) at each of the system changes for both the singlephase and two-phase reactors are shown in Figure 3.10A and Figure 3.10B.
Averages prior to inoculum change were calculated after the reactors had reached
pseudo-steady state after 3 SRTs. Averages related to SRT changes were
calculated one SRT after implementation.
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In the single-phase system, at each SRT, acetate, propionate, and butyrate
concentrations remained less than or equal to 1mM. In the methanogenic reactor,
acetate, propionate, and butyrate concentrations remained less than 1 mM at both
SRT combinations. Acetate concentrations did decrease with the transition from
20 days to 12 days in the single-phase system, and with the transition from 18
days to 12 days in the two-phase system. This difference was also reflected in the
sCODR (Figure 3.5B). No significant changes occurred in acetate concentrations
with changes in SRT in the acidogenic reactor.

3.6 Nutrient Analysis
Ammonia and ortho-phosphate were measured in the single-phase (1) and twophase methanogenic (4) reactors. The full data set of ammonia (mg/L) and
orthophosphate concentrations (mg/L) in these reactors is provided in Appendix
A.

In the single-phase system, ammonia concentrations ranged between 333 mgNH3/L and 678 mg-NH3/L and orthophosphate concentrations between 520 mgPO4/L and 2820 mg-PO4/L. Nutrient concentrations in the methanogenic reactor
were very similar to the single-phase reactor. Ammonia concentrations ranged
between 360 mg-NH3/L and 728 mg-NH3/L, and ortho-phosphate concentrations
ranged between 481 mg-PO4/L and 2987 mg-PO4/L. Both ammonia and orthophosphate were higher in the reactors than in the feed. Feed ammonia ranged
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between 46 mg-NH3/L and 183 mg-NH3/L, and ortho-phosphate ranged between
985 mg-PO4/L and 1857 mg-PO4/L. In AD, microorganisms require nitrogen and
phosphorous for biomass growth. Ammonia is released during AD through the
anaerobic hydrolysis of organic nitrogen via ammonification, leading to an overall
increase in concentration. During single-phase AD, this ammonia increase can
also help to act as a pH buffer, counteracting the reduction in pH caused from the
acidification step.41 However, high concentrations of ammonia can also be
inhibitory to the overall function of digesters.34,35,36 Methanogens are the most
sensitive among anaerobic degrading micro-organisms to elevated ammonia
levels. As evidenced in other studies, these organisms are the first to be inhibited
at concentrations greater than 100 mg-N/L. 1,41,42,43 Ammonia concentrations in this
study’s reactors were much lower and not inhibitory. Orthophosphate increased in
the reactors due to the breakdown of organic matter, releasing phosphorous from
larger organics and converting from organic-phosphorous to its more reactive
inorganic form.41 Because of this conversion, total phosphorous should have
theoretically been equal between the feed and digesters. Total phosphorous in the
feed ranged between 736 mg-PO4/L and 2520 mg-PO4/L. Total phosphorous
within the single-phase reactor ranged between 624 mg-PO4/L and 2315 mgPO4/L. Total phosphorous within the methanogenic reactor ranged between 427
mg-PO4/L and 2320 mg-PO4/L. These concentrations within the reactors were
similar to those within the feed.
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3.7 Microbial Community Dynamics
Quantitative PCR was performed on samples taken all the reactors without FOG.
The single-phase reactor (1) was sampled before the inoculum change on day 46
and day 77 and during the 15-day SRT on day 220. The two-phase reactors (3 and
4) were sampled before the inoculum change on day 46 and day 77, during the
20-day SRT on day 128, and during the 12-day SRT on day 220.

Figure 3.11A shows the percent abundances of bacteria at the genus level in
methane producing reactors and the inoculum. Figure 3.11B shows the percent
abundances of bacteria at the genus level in the acidogenic reactor. Percent
abundances on the family level in reactors without FOG are included in Appendix
B. All figures show bacteria with a percent abundance greater than 2%, totaling a
maximum of 74% of bacteria at the genus level and 77% at the family level.

In the single-phase reactor, prior to inoculum change, Candidatus Cloacomonas,
a propionate oxidizing and hydrogen producing syntroph, was present at 27.6%
abundance on day 46 and 26% on day 77. A higher production of hydrogen from
propionate oxidation could have shifted the anaerobic degradation pathway,
accumulating LCFA’s and leading to lower production of methane. After inoculum
addition, when the system had an SRT of 15 days, Dechloromonas, Clostridium,
and Anaerophaga were most abundant at 7.9%, 7.4%, and 7.1%, respectively.
Dechloromonas, a genus of facultative anaerobes, is responsible for SCFA and
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protein/amino acid metabolism.44 Clostridium is a genus of obligate anaerobes
responsible for hydrolysis of influent organics, generating fermentable products
like lipids, carbohydrates, and proteins.45 Bacteria from the Clostridium genus have
been used in bioaugmentation strategies during digestion to enhance biochemical
methane potential as hydrolysis can be a rate limiting step.45 Anaerophaga is a
strictly anaerobic chemo-organotrophic genus of bacteria involved in fermentative
metabolism, generating LCFA, sugars, and amino acids from hydrolytic products.44
It should also be noted that Methanobrevibacter is in the archaea domain, but
registered in the eubacterial data. Due to the design of the primer, the computer
identified this sequence as Methanobrevibacter, but it is possible this was a
misidentified genus of bacteria.
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In the methanogenic, two-phase reactor, prior to inoculum change, Candidatus
Cloacomonas and Clostridium were the most abundant at 15% and 12% on day
46 and 13% and 9.4% on day 77. On day 128, after the inoculum change, at an
SRT of 15 days, Bellilinea and Clostridium were the most abundant at 11% and
9.6%, respectively. Bellilinea is a bacteria genus responsible for fermentation
reactions with sugars.46 On day 220, at an SRT of 12 days, Clostridium were the
most dominant bacteria genera at 16%.
In the acidogenic reactor, on day 46, prior to inoculum change, Rikenella was the
most dominant species in the community at 15%. Rikenella is a fermenting
bacteria genus which produces mainly propionic acid with minor amounts of
acetic acid.47 On day 77, Bacteroides became the most dominant genus at 8.9%,
followed closely by Rikenella at 7.4%. Bacteriodes genus are responsible for
fermentation of sugars, proteins, and amino acids.48,49,50 On day 128, with the
new inoculum and an SRT of 3 days, Rikenella was again the dominant genera
at 9.3%. On day 220, at an SRT of 12 days, Sphigobacterium, Bacteroides, and
Dechloromonas were the most dominant genera at 6.6%, 5.7%, and 5.4%. These
genera are key organisms responsible for hydrolytic acidification during the first
phase, generating adequate concentrations of acetate, propionate, and butyrate
to the methanogenic phase and reducing concentrations of LCFAs.51
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Both Methanobrevibacter and Methanosaeta are methanogens which use SCFAs
as their carbon source.49,50 The shift in dominant genus between day 46 and day
220 could be indicative of Methanosaeta being more favorable at lower SRTs.

In the acidogenic reactor, on all sample days, Methanobrevibacter was dominant
at 97% on day 46, 97% on day 77, 97% on day 128, and 93% on day 220. In the
methanogenic reactor, on day 46, day 77, and before the inoculum change, and at
an SRT of 15 days, Methanobrevibacter was the dominant genus at 85%, 73%,
and 74%, respectively. On day 220, at an SRT of 10 days, Methanosaeta became
more dominant at 39%, followed by Methanobrevibacter at 30%. The dominance
of Methanosaeta strongly indicates high favorability at lower SRTs.
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4.0 Results and Discussion: Single vs. Two-Stage Anaerobic
Co-Digestion
4.1 Biogas Production
Figure 4.1 shows the methane generated per day for the co-digesting reactors (2,
5, and 6) through Day 264 of operation. This figure also identifies the days on
which system changes and feed changes occurred in the reactors. Figure 4.2A
shows the moving average of methane generated per day over 4 days normalized
to g VS added in co-digesting reactors. Figure 4.2B shows moving average of
methane content (%) in biogas over 4 days. Averages over 4 days were calculated
to incorporate two days on which sludge was changed and two days without, as
biogas production varies between the two.
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No SRT variations were explored for the co-digesting reactors. The single-phase
co-digester was operated at a 20-day SRT, and the two-phase reactors were
operated at a combined 18-day SRT.

No changes in biogas production were observed after reducing the FOG loading
rate from 20% to 10% on day 77. Other system changes included re-inoculation
on day 96 and buffering on day 100. As can be seen in Figure 4.1 and 4.2A/B,
only the single-phase reactor experienced an increase in methane production due
to these changes. This reactor also experienced a subsequent crash in methane
production on day 125 due a fracture in the glass. The single-phase reactor was
restarted with new inoculum. After restarting this reactor and after pseudo-steady
state was reached, methane content reached 61% on average. In the two-phase
co-digesting system once methane production increased after directly buffering the
methanogenic reactor, methane content reached 60% on average.

Figure 4.3 shows average methane production rates (mL/d) for both single and
two phase co-digesting reactors at key operation changes, including reinoculation, buffering, and increasing/decreasing of buffer concentrations.
Averages were calculated after pseudo steady state was reached, approximately
3 SRTs, or 60 days, after the start of operation.

69

!

23456%& +(*(& >1"'*:"- ("/$*)"- 8'&45#/2&)- &?- '"*#/&'+- ;2/$- GHI- */- "*#$- +7+/"(#$*):"-;2/$-XDR-#&)?24")#"-"''&'-0*'+=Q*! /8%)/?%J! /4+%)! )%M'*-203/+'-*! /*,! B044%)'*?! -4! +$%! &9&+%6J! +$%! &'*?3%MH$/&%!
)%/2+-)!%UH%)'%*2%,!/*!'*2)%/&%!'*!6%+$/*%!H)-,02+'-*!-4!FIZZ!6S!6%+$/*%\?MT1!
/,,%,I! #$%! 6%+$/*-?%*'2! )%/2+-)! ,',! *-+! %UH%)'%*2%! /*! '*2)%/&%! '*! 6%+$/*%!
H)-,02+'-*!0*+'3!/!Z!6@!H$-&H$/+%!B044%)!L/&!/,,%,!+-!+$%!)%/2+-)!+$)-0?$!+$%!
B044%)'*?! -4! +$%! /2',-?%*'2! %4430%*+J! )/+$%)! +$/*! B044%)'*?! +$)-0?$! +$%!
(1\b"1\;Q.! 4%%,! B%'*?! 4%,! +-! +$%! /2',-?%*'2! )%/2+-)I! "4+%)! +$'&! 2$/*?%J! +$%!
6%+$/*-?%*'2!)%/2+-)!%UH%)'%*2%,!/*!'*2)%/&%!'*!6%+$/*%!H)-,02+'-*!-4!ZmF!6S!
6%+$/*%\,/9!-*!/8%)/?%I!"+!/*!1<#!-4!EF!,/9&J!'*!+$%!&'*?3%MH$/&%!)%/2+-)J!/*,!
/! 2-6B'*%,! 1<#! -4! G^! ,/9&! '*! +$%! +L-MH$/&%! )%/2+-)&J! +$%! &'*?3%MH$/&%! 2-M
,'?%&+'*?!&9&+%6!-0+H%)4-)6%,!+$%!H$/&%,!&9&+%6!'*!6%+$/*%!H)-,02+'-*I!!
!

lF!

The dramatic increase in methane production experienced by the single-phase
reactor, after re-inoculation and buffering, indicates the importance of having a
stable microbial community to start reactors and how co-digestion is highly affected
by pH. FOG waste produces high concentrations of LCFAs and SCFAs, during the
initial phases of digestion which lowers the overall pH.52.53,54 If this low pH persists,
further accumulation of LCFAs will occur and stall digestion due to a lack of
balance between hydrolysis and methanogenesis. Low pH conditions inhibit
biogas production, as methanogens require a pH between 6.8 and 8.5. to
thrive.52,53,54 Other studies have found that the addition of a buffer during codigester startup may be required to balance the initial high acidity associated with
decomposing food waste present in FOG.52,53,54 Results regarding SCFA, LCFA,
and pH during startup and after buffering will be discussed later, providing further
insight on pH effects during co-digestion.

4.2 COD and sCOD
Total COD and sCOD were measured every 4 days for the co-digesting single
phase and two-phase reactors. These results are shown in Figure 4.4A and 4.4B
for reactors 2, 5, and 6.
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maintain but increase the level of percent removal after buffer concentration was
reduced indicates that buffer may only be required during startup. Further analysis
into trends of pH and SCFA/LCFA concentrations will provide further insight.

Table 4.1 shows average percent reductions of COD in the two-phase,
methanogenic reactor. Negative numbers indicate a percent increase in effluent
concentrations relative to feed concentrations. COD accumulated in the two-phase
reactors before and after inoculum was changed and buffer added. This increase
in compilation with no methane production indicates that digestion was stalling, as
LCFA and SCFA were accumulating in the digester.
Table 4.1 Average percent reductions in COD in two-phase, methanogenic
reactors (6).
Average Percent Reduction in COD (%)

Reactor

Before Inoculum
Change and Buffering

After Inoculum
Change and Buffering

Increase Buffer
Conc. R5

Buffer R6
Directly

6
-8.9*
-75.8*
4.5
6.32
*Negative numbers indicate an increase in concentration relative to feed.
After buffer concentration was increased, CODR began occurring in the two-phase
reactors, removing 4.5+/-7%. However, the methanogenic reactor was still not
operating at the normal level of CODR expected during AD. After buffer was added
directly to the methanogenic reactor, CODR increased to 6.3+/-10.7%, still well
below normal ranges of 40-50%. The acidogenic reactor sCOD concentrations
should have been higher than feed concentrations as seen with the non-codigesting acidogenic reactor when SCFAs like acetate build up. However, a
significant drop in sCOD should have followed in the methanogenic reactor, as
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seen in reactor without FOG. The methanogenic reactor finally began producing
consistent levels of methane; therefore, after pseudo-steady state on day 60 has
been reached within this digester, COD concentrations should have continued to
decrease.

4.3 Total and Volatile Solids
TS and VS were measured in the single phase and methanogenic two-phase codigesting reactors every 8 days. Figure 4.6A and Figure 4.6B show TS and VS
for reactors with FOG and in the influent feed.
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The acidogenic reactor had low pH, of 5.0-5.6, when buffer was not being added
to the feed. Buffer was added between days 100 and day 177. The methanogenic
reactor maintained a pH between 5.3 and 6.7 prior to buffer being added directly
to the reactor. This range is outside the preferred environmental conditions for
methanogen growth at approximately 7.2. After buffer was introduced directly to
the methanogenic reactor, the pH increased to 7.06, well within the circumneutral
range. This increase could explain the improvement in methane production as
conditions were finally favorable for their growth.

4.5 LCFA Analysis
LCFAs, including myristic, palmitic, stearic, oleic, and linoleic acid, were measured
in all reactors with FOG every 4 days. LCFAs are produced during the breakdown
of fats and lipids. If AD is working properly, concentrations of LCFAs in all reactors
should be low, but co-digestion with FOG introduces high concentrations of LCFAs
into the system, potentially leading to a system overload. The concentrations of
LCFAs in the single-phase and two-phase reactors are presented in Figure 4.9A,
4.9B, and 4.9C.
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After new inoculum and buffering were introduced into the single phase codigesting reactor, all LCFAs decreased in concentration, most notably stearic and
palmitic acid. Prior to this system change, palmitic and stearic acid were
accumulating within the reactor as seen by the increase in concentration from day
0 to day 100. After day 125, when the reactor was started over, there was a slight
increase in palmitic and stearic acid, but because of the use of buffering and
addition of new inoculum, accumulation was not as significant. By day 200,
concentrations of all LCFAs were low, indicating a well operating co-digester.
Other studies have found that palmitic acid tends to accumulate in co-digestion
with FOG, strongly suggesting its conversion limits digestion in poorly operated
digesters.27 This limitation was evidenced in this research study, as during the
period of poor performance, palmitic acid concentrations were high and decreased
significantly during high methane production periods.

In the two-phase system, palmitic and stearic acid accumulated in both the
acidogenic and methanogenic reactors before, and after re-inoculation and system
buffering. Concentrations decreased in the acidogenic reactor after the buffer
concentration was increased from 2 to 3 mM, and subsequently, concentrations
decreased in the methanogenic reactor due to lower loading rates. After buffering
was stopped in the acidogenic reactor on day 177, concentrations increased in
both reactors.
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From day 100 to 125 and after day 200, the single-phase co-digesting reactor was
operating effectively, producing high volumes of methane, and removing COD and
VS from feed. Also, on these days, palmitic acid concentrations were low. In
contrast, the two-phase reactors never reached consistently low concentrations,
indicating ineffective digestion. This is also evidenced by low methane production
and low percent COD and VSR. Stearic acid concentrations in Figure 4.10B
demonstrated the same trend. The accumulation of stearic and palmitic acid
indicates that this conversion may have been the limiting reaction, stalling the
overall performance of the digester.

4.6 SCFA Analysis
SCFAs, including acetate, propionate, butyrate, iso-butyrate, valerate, and
isovalerate, were measured in co-digesting reactor samples every 4 days.
Concentrations of acetate, propionate, and butyrate (mM) in the single-phase,
acidogenic, and methanogenic two-phase reactors are presented in Figure 4.11A,
4.11B, and 4.11C.

As seen in the reactors without FOG, acetate concentrations should be low in the
single-phase reactor and two-phase, methanogenic reactor, as methanogenesis is
occurring. In the acidogenic reactor, acetate, propionate, and butyrate
concentrations should be higher as acidogenesis and acetogenesis are occurring.
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Acetate and butyrate concentrations in the single-phase reactor, prior to reinoculation and buffering, decreased to concentrations less than 5 mM in the first
50 days of operation. However, propionate concentrations did not decrease until
after day 100 when new inoculum and buffering were introduced, while no changes
were observed in acetate and butyrate concentrations. This change could indicate
that the new inoculum had a more robust propionate-reducing microbial
community. On day 125, when the single-phase reactor was started over, acetate
concentrations spiked but then quickly degraded to concentrations less than 5 mM
within 10 days after. Butyrate and propionate concentrations also decreased but
after 25 and 30 days, respectively. This lag in degradation could indicate that
degradation of propionate and butyrate are limiting steps in achieving stable
methane production. Other studies have found that degradation of propionate is a
central issue in improving digester performance, as propionate can only be
oxidized if a balance exists between syntrophic propionate-oxidizing bacteria
(SPOB) and hydrogen-consuming bacteria.55 Syntrophic propionate oxidation has
been found to be more difficult than other intermediate products like butyrate.55
One of the factors influencing propionate degradation is pH. Research has found
that SPOBs grow much faster at a pH between 7 and 8.5, and that syntrophic
propionate oxidation rarely occurs at a pH less than 5.5.55 This influence of pH
helps to explain the lack of degradation in the single-phase reactor prior to
buffering, as its pH remained at 6.2 on average before day 100.
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Acetate concentrations remained low in the methanogenic reactor for the entire
experiment. Butyrate concentrations also followed this trend, except for a small
peak between days 100 and 130. This peak occurred during the re-inoculation
period and could reflect the readjustment of microbial communities. Acetate,
propionate, and butyrate concentrations remained high in the acidogenic reactor
except for a slight decrease after buffer concentration was increased on day 125.
In the methanogenic reactor, concentrations of propionate remained high prior to
an increase in the buffer concentration on day 125 and after, reflected the
decrease of propionate experienced in the acidogenic reactor. Propionate
accumulation in the methanogenic reactor could be a pH issue, as this reactor was
still not operating within the ideal range of 7 to 8.5 of SPOBs.55 The high levels of
acetate and butyrate conversion observed in the two-phase system, in addition to
LCFA data, indicate that the potential limiting reactions include propionate, palmitic
acid, and stearic acid conversion.

4.7 Nutrient Analysis
Ammonia and ortho-phosphate were measured in the single-phase and two-phase
methanogenic reactors. The full data set of ammonia (mg-NH3/L) and orthophosphate (mg-PO4/L) concentrations in these reactors is provided in Appendix
C. Ammonia concentrations in the single-phase reactor ranged between 324 mgNH3/L and 711 mg-NH3/L, and orthophosphate concentrations ranged from 684
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mg-PO4/L and 3030 mg-PO4/L. Ammonia concentrations in the two-phase
methanogenic reactor ranged between 336 mg-NH3/L and 782 mg-NH3/L.
Orthophosphate concentrations were higher in the methanogenic reactor due to a
higher phosphate buffer used; concentrations ranged from 778 mg-PO4/L to 6667
mg-PO4/L. Ammonia concentrations in the reactors were much higher than in the
feed which were 46-183 mg-NH3/L. Microorganisms involved in AD require
nitrogen and phosphorous for growth, as noted with the reactors without FOG.
Ammonia and orthophosphate are released as organic matter is broken down in
the reactors, leading to the overall increase in concentrations relative to the feed.
1,41,42,43,56

Phosphate concentrations peaked in the methanogenic reactor when the

concentration of the buffer was increased from 2 to 3 mM on day 125.

4.8 Microbial Community Analysis
Quantitative PCR was performed on samples taken from the single-phase and twophase, co-digesting reactor. Figure 4.12 present the genera percent abundances
greater than 3% in at least one of the samples.
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In the single-phase reactor, prior to the inoculum change and buffering, Rikenella,
a fermenting bacterium, was the most dominant genus present at 30% on day 46
and 33% on day 77. These organisms produce mainly propionic acid with minor
amounts of acetic acid.27,28,49,50 Lower relative abundances of Syntrophomonas,
organisms responsible for oxidizing SCFAs like propionate and butyrate, were
present.27,28,49,50 This abundance of fermenters and lack of acidogens and
acetogens could explain the high concentrations of SCFAs, including acetate,
propionate, and butyrate, and LCFAs, including palmitic and stearic acid. After
adding more inoculum and buffering, Clostridium and Syntrophomonas became
the most dominant genera in the reactors at 14% and 9.6% on day 122 and 28%
and 9.9% on day 220. Clostridium is a genus of obligate anaerobes responsible
for hydrolysis of influent organics, generating fermentable products like lipids,
carbohydrates, and proteins.49,50 Syntrophomonas increases the oxidation of
propionate and butyrate, leading lower concentrations seen after the inoculum
change and buffering. The pH range for these organisms is 6.5 and 8.5, but the
ideal range is between 7.0 and 7.5. The increase of pH to circumneutral range
after day 100 most likely led to the growth of Syntrophomonas, the drop in
propionate and butyrate, and the overall increase in methane production, as a
balance between fermenters and acetogens, was established.

In the two-phase system, prior to inoculum change, Rikenella was dominant in both
the acidogenic and methanogenic reactors. On day 46, the acidogenic reactor was
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at 9.3% abundance, and the methanogenic reactor was at 17% abundance. On
day 77, a slight decrease in abundances was observed at 11% in the acidogenic
reactor and 16% in the methanogenic reactor. On day 220, after the inoculum
change and the increase in buffer concentration being fed to the acidogenic
reactor, Bacteriodes and Dechloromonas became the most dominant genera at
5.8% and 5.7% abundance in this reactor. The same trend occurred in the twophase acidogenic reactor with FOG. Bacteriodes are responsible for fermentation
of sugars, proteins, and amino acids, generating LCFAs in the reactor.49,50
Dechloromonas are responsible for SCFA oxidation.

49,50

An increase in the

abundances of Dechloromonas could explain the observed decrease in propionate
and butyrate after day 150.

On day 220, in the methanogenic reactor, Rikenella was still the most dominant
genus at 8.5%, but Methanobrevibactor and Ruminococcus increased to 8.1% and
7.5% abundances. Methanobrevibacter is a methanogen in the archaeal domain
and should not have presented itself within the eubacterial results. 49,50 As in the
discussion of the non-co-digesting reactors, due to the design of the primer, the
computer identified this sequence as Methanobrevibacter, but it is possible this
was a misidentified genus of bacteria. Ruminococcus, in an anaerobic system, is
responsible for fermentation reactions, producing acetate, methane, and carbon
dioxide.49,50 This increase in Ruminococcus abundances could explain the
increase in methane production experienced in this reactor later in the study.
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higher levels of acetate, both characteristics of FOG waste.57 The relative
abundance of Methanosarcina, during efficient reactor performance and high
methane production, suggests that this methanogen may be more capable of
methanogenesis

in

waste

streams

containing

FOG

as

opposed

to

Methanobrevibacter which was dominant in the systems without FOG.

In the two-phase systems, Methanobacterium was dominant during all system
changes ranging from 81% to 92% in the acidogenic reactor and 67% to 95% in
the methanogenic reactor. On day 220, Methanoculleus presence increased from
5.4% abundance on day 77 to 31% abundance. Other studies have found that this
hydrogenotrophic methanogen genus dominated in high performing co-digesting
reactors but not in inhibited digesters, suggesting Methanoculleus plays a crucial
role in FOG adaptation.27

92

5.0 Conclusions
In the reactors without FOG, single-phase AD achieved similar levels of methane
production, VSR, and CODR in comparison to two-phase AD at both the 20-day
and 12-day SRTs. Higher concentrations of fermentative bacteria such as
Dechloramonas, Sphigobacterium, and Clostridium were present in the acidogenic
reactor. These organisms are responsible for the hydrolytic acidification of influent
organics to produce adequate substrate (acetate, propionate, butyrate) for
methanogenesis in the second stage. Eubacterial genera between the singlephase and two-phase systems were similar. High abundances of Dechloramonas
were present in the acidogenic reactor and the single-phase reactor, strongly
indicating that this organism plays a key role in the hydrolysis and acidification of
influent organics in AD regardless of the number of phases. Methanogen
communities were also very similar between the single- and two-phase systems
with high Methanosaeta and Methanobrevibacter, again indicating little microbial
community variation between different phased treatment. All reactors achieved
greater than 50% CODR at all tested SRTs. Both reactors achieved greater than
80% CODR at the lowest tested SRT of 12 days. All reactors also achieved greater
than 38% VSR at all tested SRTs. The lowest SRT achieved 54% reduction in VS
in the single-phase system and 64% in the phased systems. Similar COD and VS
destruction in both systems and similar methane production indicates that the
added complexity of two-phases may not be advantageous.
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In the reactors with 10% FOG loading rate by volume, single-phase outperformed
two-phase anaerobic co-digestion in methane production, VS destruction, and
CODR. Buffering of the feed provided increased pH to within the range for
methanogenesis (approximately 6.7), jumpstarting the growth of methanogens and
helping to achieve a balance with acidogenesis through the reduction of LCFAs,
including palmitic and stearic acid. After buffer concentration was reduced high
methane production and VS and COD destruction continued, indicating buffering
may only be required during start-up. Propionate, palmitic acid, and stearic acid
conversion were identified as the rate limiting steps in co-digestion, as acetate and
butyrate maintained very low concentrations for the duration of the experiment.
Each of these persistent substrates eventually degraded after the re-inoculation
and feed buffering. A well performing anerobic co-digester without the
accumulation of propionate, palmitic, and stearic acid had higher abundances of
Clostridium and Syntrophomonas genera, giving strong indication that they play a
key role in their degradation. The methanogen community was dominated by
Methanosarcina which has been found to thrive at high acetate concentrations. Its
dominance in these environmental conditions makes it a much more versatile
genus and potentially indicating its presence is responsible for high methane
conversion with FOG as a substrate as opposed to Methanosaeta and
Methanobrevibacter in non-co-digesting reactors.
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Two-phase co-digestion with FOG did not achieve adequate methane production,
COD, or VS destruction with any change in operation including buffering and reinoculation. With buffering of the methanogenic reactor directly, a small increase
in methane production was evident; however, LCFAs such as palmitic and stearic
acid persisted. Acetate and butyrate maintained relatively low concentrations
through the experiment, indicating their conversion was not a rate limiting step.
Propionate eventually degraded with buffering operations. Its conversion occurred
once the methanogenic reactor reached circumneutral conditions, suggesting a
strong dependence of SPOB on pH. Methane conversion began to occur in the
two-phase system as it began to act like a single-phase system, achieving
acidogenesis and methanogenesis in the same reactor. Syntrophomonas or
Clostridium genera never became dominant members of the community in the twophase system which could have led to the accumulation of persistent LCFAs like
stearic and palmitic acid. Also, unlike the single-phase system, Methanobacterium
and Methanoculleus were the dominant methanogens in the community. Based on
these results, Gwinnett County should continue operating a single-phase codigesting system, as two-phase, co-digestion with FOG did not achieve high levels
of CODR, VSR, or methane production.
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6.0 Future Research
Areas of future research that would improve this study would be to include replicate
reactors for each treatment (single, two-phase, and co-digesting reactors) to
account for inherent variability that occurs in biological systems. Replications
would help to reveal if results such as increased sCOD and acetate removal in the
two-phase, non-co-digesting system, was accurate or accredited to natural
variability. Also, alkalinity in digested sludge to calculate ratios to VFA would be
valuable. Alkalinity provides buffering capacity within the digesters, and higher
values indicate more resistance to changes in pH.1 Maintaining adequate alkalinity
during digestion is essential to maintain a circumneutral pH, preferred for
methanogenesis.1 Alkalinity during anaerobic digestion has two main sources,
either the carrier water which is dependent on location of treatment plant and
ammonification which provides carbonate alkalinity. Establishing the ratio between
alkalinity and VFA, specifically in co-digesting reactors, could help to provide
insights on how better to optimize processes with high influent organics and
achieve balance between acid and methane generation.

Another area of future research to improve this study would be understanding the
distribution of hydrogen throughout the anaerobic degradation process.
Maintaining low H2 is essential to maintaining a balance in the reactors between
VFA production and conversion to acetate. Measuring H2 in biogas and dissolved
in the sludge would give insight into these processes, specifically in an acidogenic
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reactor. For example, in this experiment, in the acidogenic reactor without FOG,
acetate was the majority SCFA produced, indicating a low H2 partial pressure since
conversion was possible. However, in the acidogenic, co-digesting reactor, LCFAs
were accumulating, leading to less conversion to acetate and indicating a
potentially high H2 partial pressure which stalled digestion. Measuring H2
concentrations in biogas and dissolved concentrations in sludge would help to
indicate where the inhibition within the pathway is occurring. If H2 partial pressure
was high in the acidogenic, co-digesting reactor connecting the headspace to the
headspace of the methanogenic reactor via a combined gas line would potentially
allow for higher conversion rates of LCFAs. Increased conversion would occur
because the connection would cause H2 to flow from a high partial pressure in the
acidogenic reactor to a low partial pressure in the methanogenic reactor, where it
could be utilized for hydrogen-oxidizing methanogenesis. If H2 is inhibitory in the
acidogenic reactor, this would allow for higher conversion rates of LCFAs to
acetate.

Two-phase AD co-digesting reactors did not accomplish high methane production
rates because of a stall in conversion of palmitic and stearic acid which led to lower
methane production rates. One proposed strategy to overcome this lack of
conversion is three-stage co-digestion. In a study conducted by Le Zhang et. al.,
three stage anaerobic co-digestion was used to treat food waste and activated
sludge.58 High solid hydrolysis occurred in stage 1, at a pH of 4 to 5, acidification
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occurred in stage 2, at a pH of 5-7, and methanogenesis occurred in stage 3, at a
pH of 7 to 8. 58 Average methane yield was 13-52% higher and VSR was 12-47%
higher compared to single- and two-phase digestion.58 Pseudomonas were
selectively enriched in three stage digestion, indicating that they play a key role
during conversion when FOG is present. Three-stage treatment is one area of
future research in co-digesting of municipal wastewater with FOG at the
FWHWRC; however, the added complexity of an increased staged system may
not be feasible for large scale applications in WRRF.58

As previously discussed, palmitic and stearic acid, both saturated fatty acids, were
the LCFAs in the two-phase reactor that accumulated and led to stalled digestion.
The exact reasons for the biochemical preference of microorganisms unsaturated
fatty acids in comparison to saturated fatty acids is unknown. This same
preference is true for saturated and unsaturated fat digestion in the human body.59
More research into the exact biochemical pathways and organisms which perform
the fermentation of saturated fatty acids like palmitic and stearic acid is required to
further optimize processes such as anaerobic co-digestion.

Another area of research to improve anaerobic digestion is through the
combination

with

granular

activated

carbon

(GAC).

One

inhibition

of

methanogenesis arises from instable and inefficient electron transfer between
methanogens

and

fermentative

bacteria.60
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As

previously

discussed,

methanogenesis in anaerobic digestion occurs through a syntrophic relationship
with fermentative bacteria.2 The process by which methanogens act as an electron
sink for the electrons produced via fermentation reactions in the form of H2 and
formate is known as mediated interspecies electron transfer (MIET).60 This
process is limited by the fact that concentrations of H2 and formate must remain
low for the reaction to be thermodynamically favorable. 60 Until recently, MIET was
believed to be the dominant transfer mechanisms for methanogens. However,
direct interspecies electron transfer (DIET), which was first discovered by M. Morita
et al., allows for the direct transfer of electrons from bacteria to methanogens,
without requiring mediation via H2/formate. 61 GAC can stimulate DIET, as it can
conduct electrons through conductive bacterial pili. 61 Applications of GAC induced
DIET have been studied in compilation with anaerobic digestion to accomplish low
temperature (25°C) digestion.62 J.H. Part et al. found that addition of reduced the
lag time by 30% and increase methane production rates by 23% at low
temperatures. Other studies conducted at mesophilic conditions, found that GAC
increased the diversity and richness of bacterial and archaeal communities.60 If
GAC could be combined with anaerobic co-digestion, it could help to alleviate stalls
in methane production caused by imbalances of H2 and increase diversity of
microbial communities. Further research into the combination of these twotechnologies is required.
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